The aminoacylation kinetics of T7 transcripts representing defined regions of Escherichia coli serine tRNAs were determined using purified E.coli seryl-tRNA synthetase (SerRS) and the kinetic values were used to estimate the relative contribution of various tRNAd omains to recognition by SerRS. The analysis revealed that the extra stem/loop structure, characteristic of type II tRNAs such as tRNA Ser , is the domain which makes the largest contribution to kca t /K m of aminoacylation. Moreover, K m of aminoacylation was increased by a factor of about 1000 when the extra stem/loop was changed to the consensus sequence of type I tRNA extra loops indicating that the stem structure contributes significantly to the binding of tRNA Ser to SerRS. A model RNA, which represents only the tRNA Ser coaxial acceptor-T^C stem/loop domain, was also specifically aminoacylated by SerRS having a kcat/Km about 1000-fold greater than background levels. A significant portion of the contribution of this domain to aminoacylation is attributable to the acceptor stem sequence making the acceptor stem the second most important domain for recognition by SerRS. Finally, kcat/ K m was essentially unchanged when the entire anticodon stem/loop of tRNA Ser was deleted indicating that neither the anticodon nucleotides nor the surrounding stem/loop structure are important for recognition by SerRS.
INTRODUCTION
Studies of the recognition of transfer RNA (tRNA) by aminoacyltRNA synthetases generally have two goals. One goal is to elucidate the nucleotide(s) that synthetases specifically recognize. Another goal is to determine whether a given recognition element contributes to the binding of the tRNA or to catalysis. If more than one recognition element is required for aminoacylation specificity, then determining the relative contribution of each element to the overall aminoacylation process becomes an important concern.
The crystal structures of yeast tRNA"* (1) and tRNA^P (2) reveal that tRNAs are essentially comprised of individual RNA structural domains which must contain the recognition elements. The two most extensive domains are the acceptor-TCC stem/loop and the anticodon-D stem/loop which primarily consist of doublestranded helical RNA. The coaxial acceptor-T^C stem/loop begins near the 3'-terminus and extends to form the top (horizontal) portion of the L-shaped tRNA structure ( Figure 1 ). The anticodon and D stems are stacked on each other and are at nearly a 90° angle with respect to the coaxial acceptor-T*C stem/loop. This L-shaped tertiary structure is maintained by basepairing interactions between nucleotides in the D and T^C loops. The structures of tRNA phe and tRNA As P also reveal that the 4 or 5 nucleotides in the extra loop join the two major tRNA domains and participate in determining tRNA global structure by making tertiary interactions with the D stem base pairs. In contrast, type II tRNAs, such as Escherichia coli tRNA 5 ", tRNA 1^" and tRNA T y r have 9 or more nucleotides in the extra loop that are predicted by their sequence to form a distinctive stern/loop structure.
Mutational studies of full-length tRNAs indicate that recognition elements for aminoacyl-tRNA synthetases can be located in virtually any region of the tRNA (3) . Consequently, there is no a priori way to know the locations of all recognition elements in any given group of isoaccepting tRNAs. Moreover, a recognition element's location does not appear to correlate with the mode by which it affects the aminoacylation reaction. The discriminator nucleotide at position 73 (4) and anticodon nucleotides both contribute to catalysis in a number of tRNAsynthetase systems yet these nucleotides are located at opposite ends of the tRNA. Finally, although aminoacylation depends on both binding (Km) and catalysis (k^, it is generally thought that specificity is primarily dictated at the catalytic step (5, 6) .
Previous studies from this laboratory have shown that the acceptor stem, the extra stem/loop structure and the D stem of E.coli tRNA 5 " are important for serine identity in vivo (7, 8) . Building on this knowledge, we investigated the contribution of discrete domains of tRNA 5 " to recognition by seryl-tRNA synthetase (SerRS) by synthesizing RNAs that represented defined domains of tRNA 5 " and measuring their in vitro aminoacylation kinetics with purified SerRS. The serine system is particularly attractive since serine tRNAs contain the extra stem/loop structural domain in addition to the domains normally present in type I tRNAs. Using this approach, we have identified a dispensable domain within tRNA 5 " and a domain that makes a large contribution to tRNA Ser -SerRS binding. From the aminoacylation kinetic data for a series of related RNAs, the Ser (15) . The dark arrows designate the 5'-to 3'-direction of the phosphate-backbone chain at positions where the chain was altered to create the model RNAs. The tRNA structural domains relevant to this study are indicated. Nucleotides are numbered using the conventional tRNA numbering system (37) .
relative contribution of each domain to the overall aminoacylation reaction was estimated in terms of the difference in free energy of activation t
MATERIALS AND METHODS Materials
A. 29-33 Ci/mmole) was purchased from Amersham. Oligodeoxyribonucleotides were synthesized by the California Institute of Technology Biopolymer Synthesis and Analysis Resource Center on an Applied Biosystems DNA Synthesizer (Foster City, CA). Native serine tRNAs were purchased from Subriden RNA (Rollingbay, WA). BstN I restriction endonuclease was purchased from New England Biolabs. Purified E.coli inorganic pyrophosphatase (500 units/mg) was graciously provided by B. Cooperman. T7 RNA polymerase was purified to a specific activity of 650,000 units/mg, using the method of Grodberg and Dunn (9) , from the overproducing strain E.coli BL21 harboring the plasmid pAR1219 (10) which was kindly provided by J. Dunn. E.coli SerRS was purified from E.coli JM101 harboring the plasmid pSerS2 which was kindly provided by M.Hartlein and R.Leberman. Purification was carried out essentially as described by Hartlein and co-workers (11) except that the SerRS active Sepharose CL6B fractions were applied to a hydroxylapatite column and the flow-through fractions containing SerRS were concentrated by chromatography on Sepharose CL6B. The specific activity of the purified SerRS was 1,200 units/mg protein. One unit is defined as the amount of SerRS required to aminoacylate 1.0 nmole of tRNA 5 " per minute at 37 °C at 5 jtM tRNA 5 " under die reaction conditions described below. Protein concentrations were determined using the Bradford Assay (BioRad) with bovine serum albumin (BSA) as the standard. SDS-polyacrylamide gel electrophoresis indicated that the SerRS was about 70% pure. All SerRS concentrations reported in this study are for the homodimer and are corrected for the 70% purity.
Gene construction
The genes for RNAs that were longer than 35 nucleotides (T7-CGA, T7-CUA, T7-AXL, T7-AAC; Figure 2) were cloned into the plasmid pUC18 and contained a T7 RNA polymerase promoter directly upstream of the tRNA gene and a downstream BstN I restriction endonuclease site which defines the 3'-terminal A76 in the RNA product. The genes for T7-CUA and T7-AXL were constructed by G.D. Tocchini-Valentini using PCR to introduce the T7-promoter and BstN I restriction site into genes mat were previously constructed by J. Normanly (7, 8) . The genes for T7-CGA and T7-AAC were constructed de novo using six overlapping DNA oligonucleotides. Plasmids were transformed into E.coli strain DH10B using standard methods (12) and sequenced using the chain-termination method (Sequenase, USB).
In vitro transcription and purification of RNAs T7-CGA, T7-CUA, T7-AXL, and T7-AAC were transcribed from BstN I linearized plasmid DNA (13) in reaction mixtures containing: 40 mM Tris-Cl (pH 8.3 at 25°C), 20 mM MgCl 2 , 5.0 mM DTT, 1.0 mM spermidine, 4 mM each NTP (pH 8.0), 10 mM GMP, 0.1 mg/ml BSA, 0.5 units/ml inorganic pyrophosphatase, 26,000 units/ml T7 RNA polymerase and 0.1 mg/ml template DNA. After incubation at 40°C for 4 hours, the reactions were stopped by adding EDTA to a final concentration of 25 mM, phenol/chloroform extracted, ethanol precipitated, and purified to single nucleotide resolution by electrophoresis on 8% 7 M urea polyacrylamide gels measuring 0.17x20x40 cm. Three native serine tRNAs were also gel purified. One isoacceptor was tRNA Serl which has the anticodon UGA. Two different serine isoacceptors were recovered from certain lots of tRNASe"" 3 . one corresponded to tRNA^GCU) and the other slower migrating species is presumed to be tRNA^UCA) (the selenocysteine tRNA) as deduced by partial Tl ladders of 3'-end labeled RNA (data not shown).
The mini and microhelix RNAs as well as 3'-Leumin ( Figure 2 ) were transcribed from synthetic DNA templates (14) in reaction mixtures containing: 40 mM Tris-Cl (pH 8.3 at 25°C), 20 mM MgCl 2 , 5.0 mM DTT, 1.0 mM spermidine, 7.5% PEG (mwt. 8,000), 0.01 % Triton X-100, 4 mM each NTP (pH 8.0), 10 mM GMP, 0.3 to 0.4 /tM DNA template, 0.05 mg/ml BSA, 0.15 units/ml inorganic pyrophosphatase, and 8,500 units/ml T7 RNA polymerase. After incubation at 40°C for 4 hours, the reactions were stopped as described above. The RNA products were purified to single nucleotide resolution on 15 or 20% 7 M urea polyacrylamide gels measuring 0.17x20x25 cm.
All RNAs were eluted from the gels at 4°C with 10 volumes of a buffer containing 200 mM KOAc (pH 5.2), 10 mM EDTA and were precipitated with 2.5 volumes of ethanol at ~20 c C. RNAs were then reprecipitated 3 times with 2. 
Mic 
Aminoacylation reactions
Unless otherwise indicated, aminoacylation reactions were performed in 50 or 100 jtl reaction mixtures containing 30 mM HEPES-KOH (pH 7.4), 15 mM MgCl 2 , 25 mM KC1, 2 mM DTT, 2 mM ATP, 40 jtM 3 H-serine (S.A. 20 Ci/mmole) and 0.02 units/ml inorganic pyrophosphatase (PPiase). For the kinetic determinations, RNA concentrations ranged from 0.1 ^M to 160 /iM and SerRS concentrations ranged from 0.43 nM to 1.3 /*M depending on the RNA substrate. All RNAs were annealed by heating for three minutes at 95 °C in 10 mM HEPES-KOH (pH 7.4) at a concentration 2.5 times greater than their final concentration in the aminoacylation reaction. The mini and microhelix RNAs were snap cooled on ice and all other RNAs were cooled to 25 C C over a 45 minute period. The total protein in each reaction was adjusted with BSA to a final concentration of 0.18 mg/ml. Reaction mixtures were incubated at 37°C and at appropriate time intervals, 8 /tl aliquots were spotted on dried pieces of Whatman 3MM paper that had been pretreated with 10% TCA, 75 jtM serine and 25 /*M of each of the other 19 amino acids. The papers were washed two times with 10% TCA, three times with 5% TCA, and one time with 95% ethanol, for approximately 15 minutes per wash at 4°C in a wash volume to paper area ratio of 1.8 ml:cm 2 . Using this procedure, the residual background of 3 H-serine (cpm) for the reactions containing no RNA was no greater than 0.008 % of the total radioactivity spotted on the paper and was independent of SerRS concentration. The precipitation and retention efficiency for the full-length tRNAs was essentially quantitative (>90%) at all RNA concentrations tested. For the RNAs which were 35 nucleotides or shorter, quantitative precipitation was obtained when greater than 20 pmoles of RNA were spotted onto the paper (data not shown). The counting efficiency of the 3 H-serinetRNA Ser on the Whatman filter paper was empirically determined to be 25% in a fluor consisting of 3.83 grams of 2,5-diphenyloxazole per liter of toluene.
Substrate design
Because this study involved the use of truncated tRNAs, it was critical that the elimination of discrete RNA domains caused neither distortion nor gross misfolding of the remaining RNA. The crystal structures of yeast tRNA phe (1) , yeast tRNA-^P (2) and the model of yeast tRNA 5 " (15) were used to achieve this goal. In creating the truncated RNAs, we considered the directionality of the phosphodiester backbone and the location of nucleotides which are involved in base-pairing and tertiary interactions. In principle, these factors should dictate where the tRNA can and cannot be altered without perturbing the remaining tRNA structure (Figure 1) .
The model of yeast tRNA Ser (15) suggests that the hairpin structure that comprises the extra stem/loop structure can be thought of as a discrete domain inserted within the variable loop of a type I tRNA. This suggests that the elimination of the extra stem/loop structure should have little or no effect on the overall tertiary structure of tRNA Ser as long as nucleotide 43 of the anticodon stem and nucleotide 49 of the TCC stem are correctly joined. Normanly et al. (8) had previously constructed a gene for in vivo studies in which the normal extra stem/loop structure of tRNA Ser was eliminated and the phosphodiester chain was rejoined by constructing a small variable loop having the consensus sequence of type I E.coli tRNAs (A44, G45, G46, U47, C48). This gene was the basis for the RNA T7-AXL ( Figure 2 ) which was used in our study.
The anticodon stem/loop can be similarly thought of as a separate domain which is stacked on the D stem. For T7-AAC, the anticodon stem/loop was deleted and the nucleotides C25 in the D stem and G45 in the extra stem/loop were joined with four uridine residues (Figure 2 ). Polyuridine was used to join the D stem and extra stem/loop since uridine is the least likely of the four ribonucleotides to induce gross refolding of the molecule or to stabilize unanticipated structures in this region of the tRNA.
The coaxial acceptor-T*C stem/loop is essentially a discrete domain comprised of a hairpin loop that is interrupted between positions 7 and 49 by the remainder of the tRNA structure. McClain et al. (16) and Francklyn et al. (17) showed that this domain could be successfully represented by a 12 base-pair hairpin having a NCCA-3' overhang. Thus minihelix 5 " was designed using the acceptor stem sequence of tRNA^CGA) and the E.coli tRNA Kinetic parameters (± standard error) were determined for each substrate using six (GCU and UGA) or four (UCA) RNA concentrations which ranged between 0.1 and 1.8 /tM at a SerRS concentration of 0.43 nM. Initial rates were calculated from a linear least squares analysis using five time points and all correlation coefficients were 0.99 or greater. Kinetic parameters and standard errors were calculated using the program ENZFTTTER (Biosoft).
Microhelices comprised of eight base-pairs or less and closed by a thermodynamically stable tetra-loop (18, 19) were also synthesized ( Figure 2 ). The tetra-loop sequences were chosen to minimize possible alternative hairpin structures and to drive the structures indicated in Figure 2 . Microhelix Ser2 has the complete acceptor stem sequence of tRNA^CGA) whereas microhelix 5 Ser2 but has the acceptor stem sequence of tRNA Uu (UAA). The microhelices do not necessarily represent a discrete structural domain of the full-length tRNA tertiary structure but rather they isolate the acceptor stem as a potential functional subdomain and provide a means for determining the contribution of the acceptor stem to recognition by SerRS in the absence of the remaining tRNA structure. Finally, the rate of non-specific aminoacylation by SerRS was determined using the RNA 3'-Leumin whose sequence corresponds to the 3'-half of minihelix Leu .
RESULTS

Aminoacylation reaction conditions
In the course of this study, we found that the RNAs described above differed in the aminoacylation specificity constant (kcat/Km) for SerRS by as much as nine orders of magnitude. It was possible to use a single detection method over such a broad window of measurability after defining reaction conditions which yielded reliable data when the SerRS concentration and/or the reaction incubation times were varied. The initial experiments which focused on defining reaction conditions that met these criteria are briefly outlined below. The SerRS concentrations used to measure aminoacylation rates of both good and relatively poor substrates examined in this study ranged from as little as 0.43 nM to as much as 1.3 /M. The validity of comparing rates obtained using a wide range of SerRS concentrations was directly examined by determining the rates of aminoacylation at various SerRS concentration. The requisite proportional increases in the initial rates of aminoacylation were observed as SerRS concentration was increased as long as die concentration did not exceed 1.3 /M (data not shown). Thus, for all the kinetic studies or when direct comparisons were made between two different RNAs, the SerRS concentration never exceeded 1.3 pM.
Inorganic pyrophosphate (PPi) is a product of the aminoacylation reaction and has been shown to inhibit the reaction (20) . At saturating tRNA 5 " concentrations, the aminoacylation activity of SerRS is inhibited 50% by about 25 jiM exogenously added PPi (data not shown) which is consistent with a study published earlier (21) . Although at low SerRS concentrations the amount of PPi released as a result of aminoacyl-adenylate formation would be negligible, at high SerRS concentrations and/or during long incubation times, the concentration of PPi could approach inhibitory levels. This was of concern since high SerRS concentrations and relatively long incubation times were required for determining the aminoacylation rates of poor substrates such as the mini-and microhelices. The addition of inorganic pyrophosphatase (PPiase) to the aminoacylation reactions could potentially solve the problem since this enzyme catalyzes the hydrolysis of PPi to inorganic phosphate (22) . To test whether the addition of PPiase affected aminoacylation by SerRS, the aminoacylation rate of a poor substrate (minihelix Ser ) was determined using a high SerRS concentration (3.3 jiM) and various PPiase concentrations. Figure 3A shows that the aminoacylation rate increased with increasing PPiase concentration until, at an optimum of about 0.02 units PPiase/ml, the reaction rate was improved 4-fold compared to the control which contained no PPiase. More importantly, the addition of PPiase maintained the linearity of the rate for at least one hour (see Figure 4D) . The possibility that the addition of PPiase might alter the effects of mutations on aminoacylation rates was also examined. These experiments indicated that the presence or absence of PPiase in the reaction mixture did not affect aminoacylation rates of mutant minihelices relative to minihelix Ser (data not shown). Thus 0.02 units/ml PPiase was included in the aminoacylation reaction mixture that was used for all RNAs.
The effect of buffer composition on the linearity of the aminoacylation rates over extended time periods was also examined. Figure 3B shows the aminoacylation rates for minihelix Ser using the standard reaction mixture but in the presence of either 30 mM HEPES-KOH (pH 7.4) or 30 mM TrisCl (pH 7.4 at 37°C). During the first 15 minutes, the rate obtained in the Tris-Cl buffer was 2.5-fold greater than that obtained in the HEPES-KOH buffer. However, as the reaction proceeded, the rate in the Tris-Cl buffer declined markedly suggesting that the RNA was deacylated. The ability of nucleophilic buffers such as Tris-Cl to enhance both the forward and reverse rates of aminoacylation has been previously documented (23) . In contrast, the aminoacylation rate was relatively linear for one hour in the presence of HEPES-KOH. Consequently, the HEPES-KOH buffer was used for all experiments.
Initial characterization of RNAs
Given the unusual nature of the RNAs which were used, and the necessity to maintain tRNA-like structures, it was important to distinguish changes in aminoacylation kinetics which are attributable to the loss of specific phosphate or nucleoside contacts with SerRS from those due to gross misfolding of the RNA. Independent structural assays involving specific Pb +2 cleavage and UV-induced intramolecular cross-linking have been successfully used to differentiate between these two types of effects for mutants of both yeast and E.coli tRNA 1^ (24, 25, 26) . However, there is no simple method for determining the effect of a mutation on tRNA structure for tRNAs such as tRNA Ser which have neither a specific Pb +2 cleavage site nor the nucleotides required for intramolecular cross-linking. We therefore relied on measurements of the aminoacylation plateau of each model RNA to assess its overall aminoacylation activity and to reveal whether or not it was grossly misfolded. However, it is important to note that subtle effects on tRNA structure could not be assessed by this assay.
At 5 iM RNA and 0.065 jtM SerRS, native tRNA^GCU), tRNA^tUGA), tRNA^flJCA) and the full-length tRNAt ranscripts (T7-CGA, and T7-CUA) showed similar aminoacylation rates and were aminoacylated to a level of nearly 100% after 40 seconds ( Figure 4A,B) . Under the same reaction conditions, T7-AAC was also aminoacylated with a rate and final level similar to that of the full-length tRNAs ( Figure 4B ). Using the above RNA and SerRS concentrations, only about 15% of T7-AXL could be aminoacylated after 10 minutes ( Figure 4C ). However, as the SerRS concentration was increased, a greater percentage of T7-AXL was aminoacylated and reached nearly 100% at 1.3 iM SerRS. This indicates that T7-AXL, like T7-AAC, is in a form that can be aminoacylated and is thus most likely correctly folded. That T7-AXL is an efficient glutamineinserting amber suppressor when expressed in vivo (8) also suggests that it adopts a normal tRNA structure. Minihelix 5 " is also aminoacylated by SerRS, but to a lower extent than any of the above RNAs ( Figure 4D ). At 100 /M minihelix Ser and 1.3 /tM SerRS, only about 13% of the RNA was aminoacylated after 60 minutes. Microhelix^ was an even less efficient substrate and was aminoacylated to only about 2 % under these conditions ( Figure 4D ). Although higher SerRS concentrations could not be used to test whether these RNAs could be fully aminoacylated, native gel electrophoresis indicated that they are structurally homogeneous and form hairpin structures of their predicted molecular weights (data not shown).
Approximately 13 jtM minihelix Ser had been aminoacylated in the presence of 13 /M SerRS after 60 minutes ( Figure 4D ). This indicates that each molecule of SerRS has participated in multiple cycles of the aminoacylation reaction. Because the aminoacylation rate was essentially linear, it is likely that rates measured when less than one mole of RNA was aminoacylated per mole of SerRS reflect the rates which would be obtained during multiple turnover events.
Aminoacylation kinetic determinations
The aminoacylation kinetics for both the native serine tRNAs and the full-length T7 transcripts were compared. The native tRNA^GCU) and tRNA^QJGA) isoacceptors showed similar Kinetic parameters (± standard error) for T7-CGA, T7-CUA, and T7-AAC were determined using six RNA concentrations which ranged between 0.1 and 1.6 /iM at a SerRS concentration of 0.43 nM and those for T7-AXL were determined using six RNA concentrations which ranged between 2 and 70 /iM at a SerRS concentration of 43 nM. Kinetic parameters for minihelix Ser , minihelix Si:rT * c , and microhelix Ser2 were determined using five RNA concentrations which ranged between 10 and 160 jiM at a SerRS concentration of 1.3 ptA. The individual kinetic parameters and standard errors for these substrates were calculated using the program ENZFTTTER (Biosoft). Individual kinetic parameters were not obtained for the remaining substrates. Instead, V^S] was assumed to reflect k^/Kn, since the measured initial rates of aminoacylation were essentially proportional to RNA concentration and thus indicated that the RNA concentrations used were well below K_ and that the reaction was first order. The reported k^/Kn, for microhelix 51 " and microhelix k^ and K m values and differed less than 2-fold in 1). The C,/K m of tRNA^UCA) was lower than that of the other native serine tRNAs by a factor of about three primarily due to an increased K m . Although the specificity constants for these three native serine tRNAs fall within a relatively narrow range, it is noteworthy that there is some variation among them. T7-CGA has the sequence of yet another serine isoacceptor but lacks the modified nucleotides of native tRNAs. Its k^ and K m were within the range found for native serine tRNAs (Table 2) indicating that, under our buffer conditions, the modified nucleotides make little or no contribution to recognition by SerRS. This is consistent with the results of a previous study by Himeno etal. (27) .
The contributions of the anticodon stem and loop nucleotides to aminoacylation by SerRS were examined using two different substrates. The k^ and K m for the amber suppressor T7-CUA were essentially the same as those for T7-CGA (Table 2 ). Since no anticodon nucleotide is held in common among the serine isoacceptors it is not altogether surprising that anticodon nucleotides have no effect on aminoacylation. Although T7-AAC lacks the entire anticodon stem/loop domain, its k^/IC,,, was within the range observed for serine isoacceptors. These results clearly demonstrate that neither the anticodon nucleotides nor the surrounding stem/loop structure are involved in recognition by SerRS.
T7-AXL was used to examine the contribution of the extra stem/loop to aminoacylation by SerRS. This substrate is a T7-CUA in which the extra stem/loop was changed to a variable loop of five nucleotides. T7-AXL had a k cat /K m of aminoacylation that was l^xlOMbld lower than that of T7-CUA (Table 2 and 3 ). Although K m was extrapolated, the value of approximately 100 /iM is reproducible. Thus the low specificity constant for T7-AXL is primarily due to an increased K m which is about 1000-fold greater than that measured for any full-length tRNA Ser . A large difference in the binding of T7-CGA and T7-AXL by SerRS was also indicated by the results of a nitrocellulose filter-binding assay (data not shown). Whereas the dissociation constant (KJ for T7-CGA was 0.2 /tM, there was no binding of T7-AXL at 4 fM SerRS. Thus these data indicate that the extra stem/loop makes a significant contribution to the binding of tRNA Ser to SerRS.
The mini and microhelices were used to examine the structural contributions of the acceptor stem and T¥C stem/loop domains to aminoacylation by SerRS (Table 2 and 3) . The 1000-fold greater k^/Km of minihelix Ser compared to the single-stranded RNA, 3'-Leumin, indicates that the acceptor-T^C stem/loop The -AAG* values were calculated using the equation where k, and k 2 correspond to the k^JK^ values for the indicated RNAs (see Table 2 ), R= 1.987 cal°K-| mole-'7and T=310°K (37°C).
structure makes an important contribution to aminoacylation. The nearly 200-fold difference between microhelix 56 " 2 and 3'-Leumin should primarily reflect the contribution of the acceptor stem domain to aminoacylation. The approximately 5-fold difference in kcju/Kn, between minihelix^ and microhelix Ser2 should primarily reflect the contribution of the TCC stem/loop structure to aminoacylation. Since k^/IC,,, was essentially the same for microhelix Ser2 and microhelix Ser3 , neither the first base pair of the T^C stem nor the last acceptor stem base pair seem to contribute to aminoacylation by SerRS. In contrast, the approximately 35-fold lower k^/Km for microhelix Ser4A compared to microhelix Ser2 indicates that the acceptor stem region encompassing base pairs 5-68 and/or 6-67 contributes to recognition by SerRS.
The potential contributions of the acceptor stem and T¥C stem base-pair sequence to aminoacylation were also examined ( Table  2 ). There was no difference in k^/IC,,, between minihelix Ser and minihelix SerT * c , which has an altered T^C stem sequence, indicating that the contribution of the T^C stem/loop domain indicated above is base-pair sequence independent. This conclusion is consistent with the fact that, with the exception of the G53-C61 base pair found in most tRNAs, no T^C stem base pair is held in common among serine isoacceptors. In contrast, the acceptor stem contributes to aminoacylation in a sequencespecific manner. The k^/IC,,, was about 360-fold greater for the minihelix having a tRNA Ser (minihelix ) acceptor stem sequence and it was approximately 100-fold greater for microhelix 5 " 2 compared to microhelix Leu2 . The somewhat smaller effect of changing the acceptor stem sequence in the microhelix background could be due to the low activity of microhelix 1 * 112 whose k^/Km was only 2-fold greater than that obtained for the non-specific RNA 3'-Leumin.
Relative contribution of RNA domains to recognition
The contribution of discrete tRNA domains to aminoacylation can be estimated, under the simple assumption that each domain contributes independently to aminoacylation, by calculating the difference in free energy of activation (AAGt) using the specificity constants (k^/K^) of appropriate pairs of RNAs as the operational rate constant (k) (28, 29) . Since AAGt is equal to -R r nn(k 1 /k 2 ), the difference in free energy of activation for any pair of RNA substrates can be expressed as -RTln[(k cat /K m ) RNA1 /(k cat /KJ R N A2 ]. Table 3 presents the -AAG^ values for the contribution of each domain to aminoacylation using the specificity constants of the pair of RNAs that define each domain. The overall window of -AAGtdefined in this study was calculated using k^/Km for T7-CUA, a fulllength tRNA, and 3'-Leumin which represented a non-specific RNA with an aminoacylation rate which was reproducibly above background levels. The analysis indicates that the extra stem/loop structure makes the largest overall contribution to aminoacylation whereas the anticodon stem/loop makes essentially none. The acceptor stem makes the second largest contribution to aminoacylation and smaller contributions are attributable to the D stem/loop and TCC stem/loop domains.
Since no pair of RNAs in the study represented a specific deletion of the D stem/loop, it was necessary to indirectly estimate the contribution of this domain. This was accomplished by calculating the difference between the -AAGt (13.0 kcal/mole) for the full-length tRNA^-SerRS interaction and the sum of the -AAGt values that were determined for the anticodon stem/loop, extra stem/loop and acceptor-T^C stem/loop. This calculation indicates that the contribution of the D stem/loop is about twice that of the TCC stem/loop. However, since G18 and G19 in the D loop and Y55 and C56 in the T^C loop form tertiary base pairs which stabilize the folded tRNA structure, it is possible that the contribution of the D stem/loop depends on its interaction with the T¥C stem/loop. In this regard, it is interesting to note that k^/Km for T7-AXL, which presents both the D and T¥C stem/loops, is about 100-fold greater than that of minihelix Ser which presents only the T*C/loop (Table 2 ). These RNAs seem to have similar K m s but differ in k^, suggesting that catalysis may depend on whether or not the D and T^C stem/loops are presented together.
DISCUSSION
The ability to estimate the relative contributions of discrete tRNA domains to recognition and subsequent aminoacylation by SerRS is due, in large part, to the window of measurability (nine orders of magnitude) that we have obtained using a single assay system. This was achieved using reaction conditions which were not optimized for initial rates of aminoacylation. In fact, the initial rate of aminoacylation for minihelix Ser was greater in a Tris-Cl buffer than it was in the HEPES-KOH buffer used throughout the study. However, the relatively rapid deacylation that was observed in the Tris-Cl buffer clearly illustrates that optimizing for initial rate is not necessarily desirable and could profoundly affect the outcome of this type of analysis. The addition of inorganic pyrophosphatase to the aminoacylation reaction resulted in the maintenance of a linear initial rate and increased the initial rate by a factor of about four compared to reactions without PPiase. Although it has been shown for some synthetases that PPiase can alter the kinetic pathway (30) and can affect the rates of misacylation of non-cognate tRNAs (31), its presence had a relatively small effect on the magnitude of the initial rates of aminoacylation for minihelices and did not affect the aminoacylation specificity of SerRS. Thus it is unlikely that the results presented here were biased by the use of PPiase.
The tRNA Ser domains important for recognition by SerRS that have been revealed in this study are consistent with those revealed using two other methodologies. Footprinting studies of the tRNA^-SerRS complex indicated that the tRNA phosphate backbone is protected by SerRS on the 3'-side of the acceptor stem, in the T¥C stem, and in the extra stem/loop (32) . In vivo studies indicated that acceptor stem, D stem and extra stem/loop nucleotides contribute to serine identity (7, 8) . Since the footprinting studies reveal no protection of D stem/loop nucleotides whereas the in vivo studies and our in vitro aminoacylation kinetic analysis indicate that the D stem/loop contributes to aminoacylation, it is possible that nucleotides in this region of the tRNA indirectly contribute to aminoacylation.
Our analysis clearly shows that the tRNA 5 " extra stem/loop domain makes the greatest contribution of all the domains to recognition by SerRS. Earlier studies of tRNA^ mutants showed that the extra stem/loop is important for the in vivo identity of serine tRNAs (8) and for the in vitro aminoacylation of tRNA 5 " by SerRS (27, 33) . The work presented here extends these earlier studies and clearly shows that the extra stem/loop structure contributes significantly to the binding of tRNA Ser to SerRS. Although lc^, is presumed to be the kinetic parameter primarily responsible for maintaining in vivo aminoacylation specificity (5, 6), our in vitro aminoacylation data, in conjunction with previous in vivo identity studies from this laboratory (8) , suggest that tRNA binding can contribute to specificity.
The in vivo studies of Normanly et at. (7, 8) showed that it was essential to change the first three base pairs of the acceptor stem of tRNA^" to those conserved in tRNA Ser in order to convert the in vivo identity of the tRNA 1^" amber suppressor from leucine to serine. However, it is difficult from identity swap studies alone to discern whether the changes were required to improve productive interactions with SerRS or to prevent productive interactions from occurring with a competing synthetase such as LeuRS. The in vitro aminoacylation kinetic results for the mini and microhelices now clearly establish that SerRS specifically recognizes the tRNA Ser acceptor stem nucleotides. This result has also been confirmed by a mutational analysis in both the tRNA 5 " and T7-AXL RNA backgrounds (unpublished data). Since the acceptor stem must necessarily be in close contact with the enzyme during catalysis, recognition in this region is not surprising. Studies using mini and microhelix substrates in Schimmel's laboratory have shown that acceptor stem nucleotides of tRNA Ala , tRNA His , tRNA
01
? and tRNA Met are specifically recognized by the cognate synthetase (29, 34) . Anticodon recognition is important in the majority of isoaccepting groups in E.coli (3) . That no anticodon nucleotide is held in common among all the tRNA Ser isoacceptors and that all are aminoacylated by a single SerRS led to an early proposal that the anticodon is not important for SerRS recognition (35) . The results presented here are consistent with these earlier studies and clearly show that neither the three anticodon nucleotides nor the entire anticodon stem/loop domain are involved in recognition. The data also indicate that the anticodon stem/loop is an independent structural domain in tRNA Ser even though it is normally stacked on the D stem/loop and is directly adjacent to the functionally important extra-stem/loop structure. Thus it seems that the nucleotides important for dictating the spatial orientation of the extra-stem/loop structure are confined to the core region of the tRNA tertiary structure and perhaps include the D loop nucleotides as well (27) .
Knowing the regions of tRNA Ser that are important for aminoacylation and having a high resolution crystal structure of SerRS (36) makes it possible to differentiate among potential tRNA Ser -SerRS binding topologies. Initial model-building suggested that the 3' terminus of tRNA Ser could bind the SerRS active site with the anticodon stem interacting with the long coiledcoil of SerRS (36) . However, the results presented here rule out the possibility that the anticodon stem and loop significantly contribute to recognition by SerRS. A subsequent model proposed by Asahara et al. (33) places the tRNA Ser extra stem/loop structure in contact with the coiled-coil of SerRS. This model is consistent with the biochemical data presented here. However it does not completely explain our observation that the D stem/loop and TCC stem/loop also contribute to aminoacylation. The co-crystal structure of the tRNA Ser -SerRS complex currently being solved by Cusack and co-workers should help to resolve this problem.
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